Introduction
============

Multiple sclerosis (MS) is a central nervous system (CNS) disorder that results in part from inflammatory injury and in part from neurodegeneration. Though the exact pathophysiology of this disease has not been fully elaborated, much is understood about the role of lymphocytes and the accompanying CNS inflammatory cascade that results in demyelination, neuronal damage, and, ultimately, neurological disability. Pathological evaluation has demonstrated a significant role for activated lymphocytes in MS lesions.[@b1-ndt-13-1691] Within the inflammatory milieu of MS, the brain, cerebrospinal (CSF) and blood lymphocyte levels are increased via clonal expansion of T-cell subsets.[@b2-ndt-13-1691],[@b3-ndt-13-1691] Accumulation of lymphocytes in the brain occurs via various methods of transmigration across the blood--brain barrier, making their entry point at the blood--brain barrier a valuable target for MS therapy.

In inflammatory states such as MS, endothelial cells that line postcapillary venules are activated by cytokines, and there is enhanced expression of numerous cell adhesion molecules (CAMs) on the vascular endothelium. These in turn enable tethering, rolling, and gripping of circulating lymphocytes to the endothelium, which prepares them for transmigration across the blood--brain barrier.[@b4-ndt-13-1691],[@b5-ndt-13-1691] Examples of these CAMs include P- and E-selectins, and vascular cell adhesion molecule-1 (VCAM-1).[@b6-ndt-13-1691]--[@b8-ndt-13-1691] VCAM-1 acts as a ligand for α4 integrin receptors expressed mostly on lymphocytes, monocytes, and eosinophils.[@b9-ndt-13-1691]--[@b11-ndt-13-1691] α4 integrins are capable of forming heterodimers with two β-subunits (β~1~ and β~7~) to form functional molecules.[@b1-ndt-13-1691] The association between VCAM-1 and α4 integrin facilitates firm adhesion of lymphocytes to the endothelium, which in turn allows for transmigration of the lymphocytes.[@b1-ndt-13-1691] Furthermore, the interaction between the α4 integrin and VCAM-1 transforms the phenotype of the lymphocyte causing activation[@b12-ndt-13-1691] and proliferation.[@b13-ndt-13-1691] There is a cascade of local cytokines and chemokines that then activate more lymphocytes and further promote adhesion and transmigration of these cells into inflamed tissue.[@b14-ndt-13-1691],[@b15-ndt-13-1691] A similar interaction occurs between the α4 integrin-expressing lymphocytes and extracellular matrix molecules such as fibronectin[@b16-ndt-13-1691] and osteopontin,[@b17-ndt-13-1691],[@b18-ndt-13-1691] which further propagates inflammation within the brain. Ascertainment of this mechanism led to a significant interest in α4 integrin as a target for disease-modifying therapy (DMT) for MS.

Research on the therapeutic potential of α4 integrin inhibitors was conducted in the murine model of MS, experimental autoimmune encephalomyelitis (EAE).[@b19-ndt-13-1691] Monocytic cell lines from humans, rats, and mice were found to selectively bind to inflamed vessels in brain sections from animals with EAE at day 5 after induction. Human peripheral neutrophils did not bind, as expected given their lack of α4 integrin receptors. Binding of human monocytes was nearly completely (\>95%) inhibited by pretreatment of the tissue sample with a monoclonal antibody to α4 integrin. Intraperitoneal injection of this same antibody 2 days after induction of EAE prevented the paralysis of the experimental animals and reduced the severity of paralysis in animals that did ultimately develop EAE.

Antibodies to α4 integrin were found to block both α4β~7~ and α4β~1~ heterodimers. The α4β~7~ molecule plays a role in the migration of T cells in the gut; thus, these monoclonal antibodies were purposed for the treatment of the inflammatory bowel disease, Crohn's disease. The α4β~1~ molecule (also known as the very late antigen 4 or VLA4) was found to play a dominant role in EAE development, and thus α4 integrin inhibitors moved forward into human trials for the treatment of MS.

Natalizumab efficacy
====================

Clinical efficacy in relapsing--remitting multiple sclerosis
------------------------------------------------------------

Natalizumab (Tysabri^®^; Biogen Idec/Elan, Cambridge, MA, USA) is the first α4 integrin antagonist created for the treatment of MS. Two pivotal randomized, double-blinded placebo-controlled Phase III trials supported the US Food and Drug Administration (FDA) approval of natalizumab for the treatment of relapsing--remitting multiple sclerosis (RRMS), and the results are summarized in [Table 1](#t1-ndt-13-1691){ref-type="table"}. The Natalizumab Safety and Efficacy in Relapsing--Remitting Multiple Sclerosis (AFFIRM) study enrolled 942 RRMS patients, with at least one documented relapse in the prior year, from 99 clinical centers across Europe, North America, Australia, and New Zealand.[@b20-ndt-13-1691] Subjects were randomly assigned to receive natalizumab 300 mg intravenously every 4 weeks or placebo infusion. At 1 year, the primary outcome was annualized relapse rate (ARR), and at 2 years, the primary outcome was the cumulative probability of sustained progression of disability, defined as an increase of ≥1.0 on the Expanded Disability Status Scale (EDSS) from a baseline score of ≥1.0 or an increase of ≥1.5 from a baseline score of 0 that was sustained for 12 weeks. Secondary analyses at both time points included magnetic resonance imaging (MRI) efficacy data and progression of disability as measured by the Multiple Sclerosis Functional Composite (MSFC). As compared to placebo, the treatment group showed a 68% reduction in ARR at 1 year (0.26 in the natalizumab group vs 0.81 in the placebo group, *P*\<0.001) and a 42% reduction of the risk of confirmed disability worsening at 2 years (17% vs 29%, *P*\<0.001). The proportion of relapse-free patients was significantly higher in the natalizumab group compared with the placebo group at 1 year (77% vs 56%, *P*\<0.001).

Treatment with natalizumab reduced the mean number of new or enlarging T2 hyperintense MRI lesions over 2 years by 83% (mean of 1.9±9.2 lesions for natalizumab patients vs 11.0±15.7 lesions in placebo patients, *P*\<0.001).[@b20-ndt-13-1691] Fifty-seven percent of patients treated with natalizumab developed no new or enlarging T2-hyperintense lesions over the 2-year study period compared with 15% of placebo patients.[@b20-ndt-13-1691] Natalizumab also decreased the mean number of lesions detected by gadolinium-enhanced MRI by 92% at both 1 and 2 years.[@b20-ndt-13-1691] Ninety-seven percent of natalizumab patients had no gadolinium-enhancing lesions on the year 2 MRI scan versus 72% of placebo patients (*P*\<0.001).[@b20-ndt-13-1691] In addition, the mean number of new T1-hypointense lesions over 2 years was 1.1 in the natalizumab group and 4.6 in the placebo group, a 76% reduction (*P*\<0.001).[@b21-ndt-13-1691] The mean percentage of reduction in brain parenchymal fraction (BPF), a marker of brain atrophy, was similar between groups (*P*=0.822).[@b21-ndt-13-1691]

The Safety and Efficacy of Natalizumab in Combination with Interferon Beta-1a in Patients with Relapsing--Remitting Multiple Sclerosis (SENTINEL) study was also a 2-year Phase III trial that was similarly designed to AFFIRM.[@b22-ndt-13-1691] A total of 1,171 RRMS patients across 123 clinical centers in Europe and the United States were randomized to receive either a combination of natalizumab 300 mg intravenously every 4 weeks plus interferon (IFN) beta-1a 30 µg via intramuscular injection weekly or placebo infusion every 4 weeks plus IFN beta-1a 30 µg via intramuscular injection weekly. Eligible subjects had at least one clinical relapse in the 12-month period leading up to study start while on IFN beta-1a therapy alone. As in the AFFIRM trial, the primary endpoint was the rate of clinical relapse at 1 year. Secondary outcomes at 1 year included the number of new or enlarging T2-hyperintense lesions, the number of gadolinium-enhancing lesions, and the proportion of patients free of relapse. Again, the primary outcome at 2 years was the cumulative probability of sustained disability progression, defined as an increase by at least 1.0 point in the EDSS score from a baseline score of at least 1.0 or an increase by at least 1.5 points in the EDSS score from a baseline score of 0, sustained for 12 weeks. After 1 year, the ARR for natalizumab combination therapy was 0.38 compared with 0.82 for IFN beta-1a alone, a 54% reduction in the relapse rate (*P*\<0.001). This effect was durable at 2 years, with ARR of 0.34 in the combination therapy group compared with ARR of 0.75 in the placebo group at year 2 (*P*\<0.001). Patients on the combination of natalizumab and IFN beta-1a were less likely to have sustained disability progression at 12 weeks than those on IFN beta-1a alone (23% vs 29%, respectively, *P*=0.02), representing a 24% decrease in the risk of sustained disability progression on combination therapy. Estimates of sustained disability progression at 24 weeks were not statistically significant between the two treatment groups (*P*=0.17). With respect to imaging, there was an 83% reduction in the number of new or enlarging T2-hyperintense lesions over a 2-year period in the natalizumab combination therapy group compared with the IFN beta-1a alone group.[@b22-ndt-13-1691] SENTINEL also demonstrated an 89% reduction in gadolinium-enhancing lesions in the natalizumab group.[@b22-ndt-13-1691]

An Italian single-center retrospective study examined 152 RRMS patients who began natalizumab therapy between February 2007 and October 2008 and examined their long-term outcomes to determine how many patients maintained their status of no evidence of disease activity (NEDA).[@b23-ndt-13-1691] NEDA was defined as absence of relapses, absence of sustained disability worsening (described as ≥1.0 point increase on EDSS confirmed at 6 months), and absence of radiographic activity (gadolinium-enhancing lesions or new/enlarged T2-hyperintense lesions). In this cohort, 58 of the original 152 patients were still on natalizumab treatment after 7 years and 94 had discontinued treatment after a median time of 3 years. When analyzed with an intention-to-treat model, 52 (34%) patients maintained NEDA by the end of the 7-year follow-up. This number increased to 41% of patients maintaining NEDA status when excluding the 64 patients who discontinued natalizumab due to concerns about potential progressive multifocal leukoencephalopathy (PML). The authors compared this rate to previous studies showing rates of long-term clinical stability in \<10% of patients on injectable therapies.

Clinical efficacy in secondary progressive multiple sclerosis
-------------------------------------------------------------

Because of the noted effects on disability progression in the relapsing--remitting trials, natalizumab was studied in progressive disease through the Clinical Study of the Efficacy of Natalizumab on Reducing Disability Progression in Participants With Secondary Progressive Multiple Sclerosis (ASCEND in SPMS) trial.[@b24-ndt-13-1691] Results from this trial are summarized in [Table 1](#t1-ndt-13-1691){ref-type="table"}. Patients with secondary progressive multiple sclerosis (SPMS) were randomized to 300 mg of intravenous natalizumab every 4 weeks (n=439) or to placebo (n=448) for up to 96 weeks. Eligible participants had an EDSS score of 3.0--6.5 and documented confirmed evidence of disease progression independent of clinical relapses within the year prior to enrollment. Most subjects had advanced disability as reflected by a mean EDSS score of 6.0--6.5 (requiring assistance to walk), and 71% of patients had been relapse free for ≥2 years prior to enrollment. The primary endpoint was confirmed disability progression on one or more disability assessments: EDSS, timed 25-foot walk (T25FW), or 9-hole peg test (9HPT) (a measurement of upper-extremity disability). At 2 years, there was no statistically significant difference between the two groups with respect to disability progression. The proportion of patients who progressed in the placebo group was 48% as compared with 44% in the natalizumab group (*P*=0.287). It is worth noting that there was a significant difference found in the performance on the 9HPT between groups, with 15% worsening in the natalizumab group and 23% worsening in the placebo group (*P*=0.001). Nevertheless, the ASCEND trial failed to show major efficacy of natalizumab for SPMS.

Natalizumab safety and tolerability
===================================

Progressive multifocal leukoencephalopathy
------------------------------------------

The leading safety concern associated with natalizumab is PML, which is an uncommon and severe opportunistic brain infection caused by reactivation of a common polyomavirus, the John Cunningham virus (JCV). JCV, present in \~50%--70% of the population[@b25-ndt-13-1691] as evidenced by the presence of serum JCV antibodies, may remain asymptomatic in the kidneys and possibly the lymphoid organs throughout life.[@b26-ndt-13-1691],[@b27-ndt-13-1691] In selected circumstances, the JCV can become neurotropic and cause PML and demyelination of axons as a consequence of lytic infection of the myelin-producing oligodendrocytes. PML may present clinically with cognitive, motor, sensory or visual field deficits, aphasia, incoordination, and/or gait disturbance. MRI classically shows hyperintense lesions on T2-weighted and fluid-attenuated inversion recovery (FLAIR) images with hypointensity seen on T1-weighted images. PML lesions typically do not show contrast enhancement, but some reports suggest that up to 40% of natalizumab-associated PML cases have demonstrated contrast enhancement.[@b28-ndt-13-1691]--[@b31-ndt-13-1691] Lesions are often multifocal and found in the frontal and parieto-occipital regions of the brain, though there may be solitary lesions found anywhere in the brain.[@b31-ndt-13-1691] Diagnosis is made based on history, imaging, and CSF analysis with polymerase chain reaction (PCR) testing for JCV. The JCV PCR assay has a high sensitivity, but a negative PCR does not completely rule out PML.[@b31-ndt-13-1691] At times, brain biopsy with PCR amplification of brain tissue is needed to clarify diagnosis.[@b31-ndt-13-1691]

The prognosis for PML is often grim, with a high fatality rate. PML is exceedingly rare, occurring in only 0.2 per 100,000 of the general population.[@b25-ndt-13-1691] The risk of PML becomes significant when a patient is immune compromised as with AIDS, malignancy, or use of immunosuppressive therapy. Therefore, it has been speculated that PML occurs when CNS immunosurveillance is weakened.[@b32-ndt-13-1691] MS alone does not confer a higher risk of PML than the general population; however, certain MS therapies have been associated with an increase in PML risk, including natalizumab.[@b33-ndt-13-1691] The SENTINEL study was halted 1 month early on February 28, 2005, due to reports of PML in natalizumab-treated patients. One of these patients was enrolled in SENTINEL and another was participating in an open-label safety study of natalizumab and IFN beta-1a after completing SENTINEL. A third PML patient was discovered after postmortem analysis of a natalizumab-treated patient with Crohn's disease who had mistakenly received a diagnosis of astrocytoma. Not only was the SENTINEL study suspended, but the drug was also temporarily removed from the market. A global risk-management program was then created to develop a risk stratification paradigm for PML.

Initial investigation revealed three major risk factors for the development of PML, including a positive anti-JCV antibody (via a two-step enzyme-linked immunosorbent assay \[ELISA\] by STRATIFY JCV; Focus Diagnostics, Cypress, CA, USA), prior use of immunosuppressants, and increased duration of natalizumab treatment.[@b34-ndt-13-1691] Data from the Biogen Idec global safety database, from clinical studies (including AFFIRM,[@b20-ndt-13-1691] STRATIFY-1[@b35-ndt-13-1691]), and from the Tysabri Global Observational Program in Safety study (TYGRIS[@b35-ndt-13-1691]) were used initially to confirm these risk factors. Bloomgren et al examined this data and information from an independent Swedish registry of patients with MS to assess the PML risk.[@b34-ndt-13-1691] These authors found that among a total of 5,896 patients from AFFIRM, TYGRIS-U.S., and STRATIFY-1, the prevalence of anti-JCV antibodies was 54.9% (95% CI 53.7--56.2%). They noted that the prevalence of anti-JCV antibodies increased with age and was higher in men. The investigators identified 212 confirmed cases of PML among 99,571 patients treated with natalizumab, for an overall risk of 2.1 cases per 1,000 patients. Fifty-four of these patients had pre-PML diagnosis JCV antibody samples available for analysis. There were no significant demographic differences between the 54 PML patients analyzed and the rest of the studied cohort without PML. All of these 54 patients tested positive for anti-JCV antibodies. In this analysis, the greatest risk of PML was found to be in patients receiving \>2 years of natalizumab therapy. However, data beyond 4 years of treatment were limited at the time of analysis. The investigators also discovered that 34.5% of natalizumab-treated patients with PML had been previously treated with one or more immunosuppressant (mitoxantrone, methotrexate, azathioprine, cyclophosphamide, and mycophenolate mofetil); as compared with 20.3% of all natalizumab-treated patients in the TYGRIS study. The duration of prior immunosuppressive therapy and the type of therapy varied widely in the PML patients. Of note, traditional MS therapies available at the time (IFN and glatiramer acetate) were not qualified as immunosuppressive based on the mechanism of action and do not seem to confer the same increased risk of PML.

The incidence of PML among patients with positive anti-JCV antibodies in this cohort was 3.87 cases per 1,000 treated (95% CI 2.91--5.05).[@b34-ndt-13-1691] Patients were then stratified according to the presence or absence of the three identified risk factors. In the highest risk group (positive anti-JCV antibody test, duration of therapy 25--48 months, and prior immunosuppressant use), the estimated incidence of PML was 11.1 cases per 1,000 patients (95% CI 8.3--14.5). For patients with positive anti-JCV antibody tests with no prior immunosuppressant use, the estimated incidence of PML was 0.56 per 1,000 patients in those who received 1--24 months of natalizumab exposure and 4.6 per 1,000 patients in those with 25--48 months of natalizumab exposure. It was not possible to ascertain the incidence of PML among patients with a negative anti-JCV antibody test because in this data set there were no patients with PML who tested negative. By performing sensitivity analysis with one hypothetical PML patient with negative anti-JCV antibodies, the authors calculated a risk of ≤0.09 cases per 1,000 patients (95% CI 0--0.48) in antibody-negative patients. Last, the investigators noted a low annual seroconversion rate from a negative to a positive anti-JCV antibody at \~2%.

The STRATA MS study[@b36-ndt-13-1691] was a prospective, observational open-label study evaluating the long-term safety and efficacy of natalizumab over 240 weeks of therapy in 1,094 patients. This study calculated the cumulative incidence of PML to be as high as 12.8 per 1,000-natalizumab treated patients.[@b36-ndt-13-1691] Another large prospective study, STRATIFY-2, confirmed the rate of PML in anti-JCV antibody-negative patients to be 1 per 10,000 patients.[@b37-ndt-13-1691] Plavina et al published a retrospective analysis of anti-JCV antibody levels in an attempt to further characterize the risk of PML in patients with positive JCV antibody status.[@b38-ndt-13-1691] They analyzed the samples of patients from AFFIRM, STRATIFY-1, STRATIFY-2, and postmarketing sources. They found a higher JCV antibody index value in pre-PML samples from natalizumab-treated patients who ultimately went on to develop PML (n=71) than in samples from anti-JCV antibody-positive patients who did not develop PML (n=5,834) (median of 2.4 vs 1.4, *P*\<0.0001). Though this difference was maintained for patients with no prior immunosuppressant use, the index value distribution was similar for non-PML and PML patients with prior immunosuppressant use (median 1.6 in both groups, *P*=0.82). This group found that for anti-JCV antibody-positive patients with no prior immunosuppressant use and an anti-JCV antibody index ≤0.9--1.5, the risk of PML was \~0.1 per 1,000 patients during the first 2 years of treatment. This value was felt to be similar to patients with JCV antibody-negative tests. For this low-index value group, the risk of PML was calculated in a range of 0.3--1.3 per 1,000 patients from months 25 to 48 and from months 49 to 72 of therapy. Patients with no prior immunosuppressant use and an index value of \>1.5 were found to have the greatest measured PML risk, measured at \~1 per 1,000 patients during the first 2 years of treatment, and ranging from 8.1 to 8.5 per 1,000 patients from months 25 to 48 and from months 49 to 72 of treatment. The authors suggested that the index value be used to safely identify patients with positive antibody tests who have a low risk for PML.

Subsequent analyses of this data have been performed and different estimations have been published regarding the risk of PML as it relates to JCV antibody titers. Borchardt and Berger issued their opinion that the prior risk estimates drastically underestimate the risk of PML.[@b39-ndt-13-1691] These authors utilized Kaplan--Meier curves and other techniques to estimate the risk of PML. They found the overall incidence of PML to be 1.3% during the first 24 months of natalizumab therapy and to be 6.8% at 48 months of therapy. They extrapolate that the risk of PML for months 25 to 48 in all patients on therapy is 5.51%. In a more detailed analysis, they report an estimated risk of PML in JCV antibody-positive patients without prior immunosuppressant use between months 25 and 48 to be 7.4% (compared with 5.3% reported by Biogen) and between months 49 and 72 to be 10.8% (compared with 6.1% reported by Biogen).

Though JCV antibody testing has been useful in estimating the danger of PML in MS patients on natalizumab, there are clearly weaknesses with using this test alone. As such, investigators have sought additional methods to better predict PML risk. One such biomarker is a lymphocyte CAM, L-selectin (CD62L). Though its pathophysiologic role in MS is not fully understood, L-selectin is thought to mediate myelin damage in the CNS.[@b40-ndt-13-1691],[@b41-ndt-13-1691] L-Selectin is a CAM present on the surface of most circulating lymphocytes[@b42-ndt-13-1691] and is normally shed in the serum from the surface of lymphocytes after the initial tethering of the lymphocyte to the endothelium; however, shedding can also occur prematurely during cross-linking with certain monoclonal antibodies like natalizumab.[@b43-ndt-13-1691]--[@b45-ndt-13-1691] This may explain mechanistically how activated lymphocytes are then unable to re-enter the peripheral lymph nodes or other sites of inflammation without the L-selectin molecule.[@b40-ndt-13-1691],[@b46-ndt-13-1691],[@b47-ndt-13-1691] L-Selectin is functionally active in the soluble form in the blood,[@b48-ndt-13-1691] and its levels are increased during acute or chronic inflammation.[@b49-ndt-13-1691] Basnyat et al examined a group of 99 subjects (44 RRMS patients treated with natalizumab, 30 RRMS patients treated with varying doses of IFN-beta, and 25 healthy controls) to study the levels of soluble L-selectin in the serum as measured by ELISA and the anti-JCV antibody index as measured by second-generation ELISA (STRATIFY JCV™ DxSelect™).[@b42-ndt-13-1691] They found a significant correlation between the levels of soluble L-selectin and anti-JCV antibody indices in the sera of the natalizumab-treated patients (*r*=0.402, *P*=0.0007) but not in the other patients treated with IFN-beta. Levels of soluble L-selectin in the serum were significantly higher in the group of patients with high anti-JCV antibody index of ≥1.5.

Recently, a group analyzed data from the Biomarkers and Response to Natalizumab for Multiple Sclerosis Treatment (BIONAT) cohort to test the viability of L-selectin as a risk stratification method for PML.[@b50-ndt-13-1691],[@b51-ndt-13-1691] A total of 1,220 patients were examined, and 11 of the 14 PML cases diagnosed in the cohort were included in this analysis. After 2 years of natalizumab exposure, cellular L-selectin expression was noted to be significantly lower in patients who later developed PML. In this retrospective analysis, a cutoff value of 10% of L-selectin on CD4^+^ T cells provided the best balance between sensitivity (80%; 95% CI 41%--97%) and specificity (85%; 95% CI 76%--89%) with a hazard ratio up to 7 (95% CI 1.8--27, *P*=0.005). In their prospective cohort of 358 natalizumab-treated patients, cellular L-selectin levels were associated with the number of natalizumab infusions, with a decrease noted until 2 years of therapy with a subsequent increase in the value thereafter. The best time point for predicting PML was at 26 infusions in the BIONAT cohort. Similar results were not established during the analysis of samples from 21 natalizumab-treated patients with PML who were part of Biogen clinical trials.[@b52-ndt-13-1691] The authors who analyzed the BIONAT cohort account for this difference in findings by noting that the samples tested in the Biogen cohort occurred at an average number of 52±5.57 infusions, at which point the levels of cellular L-selectin naturally begin to increase again. Larger prospective studies are needed in order to better elucidate the role of L-selectin in the risk stratification process of MS patients on natalizumab.

A multicenter study in Spain examined the presence of lipid-specific immunoglobulin M oligoclonal bands in the CSF, a marker found in highly inflammatory MS disease, as a predictive factor for PML.[@b53-ndt-13-1691] They studied 24 MS patients who developed PML and 343 who did not. They discovered that IgM bands were independently associated with decreased PML risk in patients on natalizumab (odds ratio \[OR\] =45.9; 95% CI 5.9--339.3; *P*\<0.0001). Patients with CSF IgM bands and positive anti-JCV antibodies had similarly reduced PML risk to those patients who were merely anti-JCV antibody negative (OR =1.55; 95% CI 0.09--25.2; *P*=1.0). The highest risk of PML was found in the group of patients who were positive for anti-JCV antibodies and negative for CSF IgM bands (OR =59.71; 95% CI 13.6--262.2). The authors speculate that the presence of IgM bands is reflective of an aggressive inflammatory process that may diminish the risk of PML.[@b45-ndt-13-1691]

Some clinicians have attempted to lower the risk for PML by extending the dosing interval of natalizumab past the usual every 4-week administration. Standard dosing maintains maximal α4β~1~ integrin receptor saturation, defined as \>80% saturation of these receptors on the surface of lymphocytes.[@b22-ndt-13-1691] More than 8 weeks postadministration, serum natalizumab levels fall below 1 µg/mL, and this results in α4β~1~ receptor desaturation, defined as saturation \<50%.[@b54-ndt-13-1691] Extended interval dosing (EID) of natalizumab is an attempt to target a level of α4β~1~ receptor saturation that maintains drug clinical effectiveness with the least effect possible on immunosurveillance in order to lower the PML risk. A retrospective chart review examined outcomes for 905 patients on EID versus 1,099 patients on standard interval dosing (SID).[@b55-ndt-13-1691] In this analysis, EID ranged from dosing every 4 weeks 3 days to dosing every 8 weeks 5 days. There were no significant differences in the two groups with respect to ARR, MRI activity, and percentage of patients who achieved no evidence of MS disease activity, though there was a significant difference with respect to JCV status (50% positive in the SID group and 63% positive in the EID group, *P*\<0.05). While four patients developed PML in the SID cohort, zero patients developed PML in the EID cohort. However, this was a retrospective analysis, and it was not powered adequately to achieve a statistically significant PML risk reduction. More data are being collected to enhance the understanding of the risks and benefits of EID through the EXTEND registry through MSBase.[@b55-ndt-13-1691]

Certain factors have been found to be associated with poor outcome in PML patients including older age, high pre-PML disability, high number of CSF JCV copies, MRI findings demonstrating multifocal areas of involvement, and worse Karnofsky Performance Scale scores at the time of PML diagnosis.[@b56-ndt-13-1691] The rarity and severity of the condition as well as the lack of a targeted antiviral against JCV translate into a lack of rigorous prospective studies for the treatment of natalizumab-associated PML. Though not prospectively studied, clinicians have employed plasma exchange (PLEX) in order to facilitate natalizumab clearance and to restore normal immunosurveillance of the brain previously impaired by natalizumab.[@b57-ndt-13-1691] However, there is a demonstrated risk of immune reconstitution inflammatory syndrome (IRIS) after PLEX, which can cause further inflammatory brain damage. There are small case series showing the efficacy of maroviroc (a CCR5 antagonist) for the treatment of PML-IRIS.[@b58-ndt-13-1691],[@b59-ndt-13-1691] A more detailed discussion regarding the approach to treatment of natalizumab-associated PML is beyond the scope of this review but is available elsewhere.[@b54-ndt-13-1691],[@b57-ndt-13-1691],[@b60-ndt-13-1691],[@b61-ndt-13-1691]

In order to remain vigilant about the risk for PML in natalizumab-treated MS patients, the drug is now administered through a risk mitigation program.[@b62-ndt-13-1691] The TOUCH program ensures that providers, infusion centers, and patients are educated about the risk of PML and works to promote risk--benefit awareness in the prescribing of natalizumab.[@b62-ndt-13-1691]

Other safety and tolerability issues
------------------------------------

The most frequent side effects reported in natalizumab- treated MS patients in clinical trials (incidence ≥10%) include headache, urinary tract infection, lung infection, myalgias, vaginitis, abdominal pain, arthralgias, depression, diarrhea, rash, and nausea though all these symptoms occurred with a similar rate in placebo-treated patients.[@b62-ndt-13-1691] Fatigue and allergic reaction occurred more commonly in natalizumab-treated patients compared with placebo (*P*=0.048 and *P*=0.012, respectively).[@b20-ndt-13-1691] In the AFFIRM trial, serious adverse events occurred in 19% of patients treated with natalizumab and in 24% of patients receiving placebo (*P*=0.06).[@b20-ndt-13-1691] These events included MS clinical relapse (6% with natalizumab and 13% with placebo), cholelithiasis (\<1% with both natalizumab and placebo), and the need for rehabilitation therapy (\<1% with both natalizumab and placebo).[@b20-ndt-13-1691] There were two deaths in the AFFIRM study, both of which were in the natalizumab group and were attributed to melanoma and alcohol intoxication.[@b20-ndt-13-1691] Two deaths in the SENTINEL trial both occurred in the placebo group.[@b22-ndt-13-1691] Infections seen in both groups were generally mild to moderate in severity and were most commonly nasopharyngitis, influenza, upper respiratory tract viral infection, and pharyngitis.[@b20-ndt-13-1691] Serious infections in AFFIRM were recorded in 3.2% of patients in the natalizumab group and 2.6% of the placebo-treated group, which did not reach the level of statistical significance.[@b20-ndt-13-1691] In the SENTINEL study, there was no significant difference between the rate of infections and infusion reactions between the two groups.[@b22-ndt-13-1691] Post-marketing studies of natalizumab have revealed a small number of cases of Herpes Simplex Virus (HSV) meningitis[@b63-ndt-13-1691] and encephalitis[@b64-ndt-13-1691],[@b65-ndt-13-1691] and reactivation of Varicella Zoster virus.[@b66-ndt-13-1691]

Infusion-related reactions were defined as any adverse event occurring within 2 hours of the start of an infusion.[@b62-ndt-13-1691] In MS clinical trials, infusion reactions were seen in \~24% of natalizumab-treated patients compared with 18% of placebo-treated patients.[@b62-ndt-13-1691] The most common infusion-related symptoms in natalizumab-treated MS patients were headache, dizziness, fatigue, urticaria, pruritis, and rigors. Approximately 2% of natalizumab-treated MS patients experienced acute urticaria and other hypersensitivity reactions were seen in 1% of these patients.[@b62-ndt-13-1691] In the AFFIRM trial, 25 patients receiving natalizumab had 27 hypersensitivity reactions, five of which included anaphylactic or anaphylactoid reactions.[@b20-ndt-13-1691] Fifty-seven patients from the AFFIRM trial given natalizumab (9%) were found to have detectable antibodies to natalizumab and in those with persistent antibodies there was an increase in infusion-related adverse events and loss of efficacy of the drug.[@b20-ndt-13-1691] Anti-natalizumab antibodies were neutralizing in vitro, and their presence was associated with a reduction in serum natalizumab levels.[@b62-ndt-13-1691] Infusion-related reactions most often seen in patients with persistent antibody positivity included urticaria, rigors, nausea, vomiting, headache, flushing, dizziness, pruritus, tremor, feeling cold, pyrexia, myalgia, hypertension, dyspnea, anxiety, and tachycardia.[@b62-ndt-13-1691] Patients with documented anti-natalizumab antibodies should be discontinued from therapy.[@b67-ndt-13-1691]

Complete blood count and liver function tests of the patients should be periodically monitored while on natalizumab. Increases in the number of lymphocytes, monocytes, eosinophils, and basophils are seen in natalizumab-treated patients, though as expected, neutrophils are not affected due to the absence of α4 integrin receptors.[@b9-ndt-13-1691]--[@b11-ndt-13-1691],[@b20-ndt-13-1691]

Reproductive considerations
---------------------------

Natalizumab is registered as pregnancy category C and thus should not be administered to patients who are pregnant, planning to become pregnant, or to those who are breastfeeding. Animal studies have demonstrated transplacental crossing of natalizumab with potential for fetal harm, including reduced pup survival in guinea pig studies and mild anemia or thrombocytopenia in monkeys with supratherapeutic doses of natalizumab. The Tysabri Pregnancy Exposure Registry prospectively enrolled 369 patients with MS and seven patients with Crohn's disease on natalizumab or with natalizumab exposure within 3 months of conception. Three-hundred and fifty five of the enrolled patients had known pregnancy outcomes.[@b68-ndt-13-1691] This observational study yielded a major birth defect rate of 5.05% (95% CI 2.9%--8.1%) in natalizumab-exposed patients, which was higher than that seen in the general population as calculated by the Metropolitan Atlanta Congenital Defects Program (MACDP), but no specific pattern of malformation was found. The spontaneous abortion rate in pregnant women exposed to natalizumab in this registry was similar to that of the general population.[@b68-ndt-13-1691] Natalizumab has been detected in the breast milk, and the exposure effects on the baby are unknown.[@b62-ndt-13-1691] It is not generally recommended to breastfeed while on natalizumab.

The use of natalizumab in clinical practice
===========================================

When to consider natalizumab initiation
---------------------------------------

The decision regarding the choice of DMT in MS is often challenging and requires a highly individualized discussion between patient and provider that considers the potential benefits and risks of each option in the context of that patient's MS disease course. Though there have not been head-to-head randomized trials demonstrating superiority to other agents, natalizumab is generally accepted as a high-efficacy therapy for MS and is very well-tolerated. It therefore remains a desirable therapy despite the risk of PML. Its initial use was mainly as a second-line therapy for patients who failed injectables (IFN and glatiramer acetate), and certainly it is still used in this way today as part of "escalation" strategy. This is safest in patients who are negative for JCV antibody, but some MS experts also consider escalating to natalizumab in patients who are positive for JCV antibody (and who have not previously been treated with immunosuppressants) with the plan to limit the number of infusions and change the therapy at some point in the future. This strategy may not be without its own risks, separate from PML (see the section on natalizumab discontinuation below). In addition, because the risk for PML in JCV antibody-negative patients is exceedingly small, many MS experts offer the use of natalizumab as a first-line therapy, especially, though not exclusively, for patients with an aggressive presentation.

Monitoring during treatment with natalizumab
--------------------------------------------

The annual rate of seroconversion from JCV antibody negative to positive varies in the literature, and it seems likely that therapy with natalizumab increases the seroconversion rate.[@b34-ndt-13-1691],[@b51-ndt-13-1691],[@b69-ndt-13-1691] It is therefore prudent to periodically repeat JCV antibody testing in patients who are initially negative. Most practitioners do this at least every 6 months. Because studies remain preliminary, there is a lack of consensus in the field regarding the utility of the JCV antibody index in routine clinical practice. However, among those practitioners willing to use natalizumab in patients who are initially positive or become positive for JCV antibody, some will periodically check the index to ensure that it remains in the putatively low-risk range. Periodic monitoring for blood count and hepatic function are generally completed every 3 months.

For various practitioners, MRI of patients on natalizumab is generally checked at least yearly in JCV antibody-negative patients and at least every 6 months in positive patients. For those who are JCV antibody positive and have a compelling reason to continue natalizumab past the 1- to 2-year mark, or for those who are early in their natalizumab course but have a high index value, it is reasonable to increase the frequency of imaging to once every 3 months to evaluate for early signs of PML.

When to consider natalizumab discontinuation
--------------------------------------------

There are several potential scenarios that warrant consideration for discontinuing natalizumab, mostly related to a change in the risk--benefit ratio for continued use of the drug. As described, some practitioners may start a patient who is known to be JCV antibody positive on natalizumab with the knowledge that the risk of PML will at some point outweigh the benefit to staying on natalizumab. Precisely when this threshold is reached varies by risk tolerance level of the individual patient and practitioner as well as by the clinical context. Considered factors include the frequency and severity of exacerbations, disability level, previous therapies the patient has failed or not tolerated, and the patient's eligibility status regarding other high-efficacy therapies for MS. These same considerations apply to a patient who is initially negative for JCV antibody but seroconverts during the treatment course. Consideration may also be given to EID, but evidence for this remains very preliminary at this time.

As with any MS therapy, discontinuation should be considered if efficacy is suboptimal. An overall discussion of when to switch therapies for efficacy reasons is beyond the scope of this review; however, the general principle relates to the establishment of an ongoing pattern of disease activity. Natalizumab must also be discontinued in the case of allergic reactions and severe laboratory abnormalities or if the patient desires to become pregnant.

Potential issues with natalizumab discontinuation
-------------------------------------------------

As discussed, there are multiple potential clinical scenarios that mandate natalizumab discontinuation. There has been concern about the potential for worsening of clinical severity after cessation of natalizumab, including increased relapse rate, relapse severity,[@b70-ndt-13-1691] and number of new T2[@b71-ndt-13-1691] and gadolinium-enhancing[@b70-ndt-13-1691],[@b72-ndt-13-1691] lesions, possibly attributable to an IRIS-like phenomenon.[@b72-ndt-13-1691],[@b73-ndt-13-1691] Most investigations show that the return of disease activity occurs relatively early after natalizumab discontinuation, but they differ on whether this represents a return to prior baseline disease activity versus a true rebound effect with disease activity more severe than prior to natalizumab initiation.[@b70-ndt-13-1691],[@b74-ndt-13-1691]--[@b79-ndt-13-1691]

Sorensen et al examined data for 375 natalizumab-treated MS patients taken from the Danish MS Treatment Registry who were treated with natalizumab for at least 24 weeks with 3--12 months of follow-up after natalizumab discontinuation.[@b80-ndt-13-1691] Overall, the mean ARR for the entire cohort after natalizumab discontinuation was lower than that prior to the initiation of natalizumab, but 83 patients (22%) met the criteria for "rebound" of relapses defined as individual post-natalizumab relapse rate higher than their individual relapse rate prior to natalizumab therapy.[@b80-ndt-13-1691] Fagius et al studied 15 natalizumab-treated patients who stopped therapy as compared with 55 historical control patients on first-line DMT with cessation of therapy.[@b81-ndt-13-1691] The proportion of patients with relapses in the natalizumab-treated cohort was twice that of patients in the first-line DMT group (*P*=0.013).[@b81-ndt-13-1691] Five of the natalizumab-treated patients exhibited "rebound" activity as defined in this study as relapse with larger EDSS increase or larger volume of gadolinium-enhancing lesions than ever seen in the individual patient.[@b81-ndt-13-1691] This study is limited, though, by its retrospective controls and significant differences between the two study groups, most notably a higher mean ARR in the natalizumab treatment group in the year prior to starting therapy (2.3±1.2) compared with the first-line DMT group (ARR of 1.7±0.9).[@b81-ndt-13-1691] The authors propose several hypotheses to explain the rebound phenomena including that the increase in circulating proinflammatory CD4^+^ and CD8^+^ T cells with natalizumab therapy leads to attack on the CNS when the drug is discontinued and there is removal of α4 integrin blockade.[@b81-ndt-13-1691] There is also speculation that natalizumab may have an "arresting effect" on the natural maturation of the immune system that typically causes MS patients to have a less inflammatory course in older age.[@b81-ndt-13-1691] Furthermore, there are case reports of significant rebound of MS disease activity after discontinuation of natalizumab with evidence of numerous gadolinium-enhancing lesions on MRI and severe relapses, including some that have been fatal.[@b82-ndt-13-1691]--[@b84-ndt-13-1691]

Contrary to these findings, several larger studies, including a randomized study of 175 patients randomized to continue or discontinue natalizumab[@b75-ndt-13-1691] and an observational prospective multicenter study including over 4,000 patients,[@b85-ndt-13-1691] failed to prove a true rebound effect. Rather, these studies demonstrate that patients are prone to return to pre-natalizumab disease activity levels upon its discontinuation. A Phase IIb study of 213 natalizumab-treated MS patients demonstrated return of gadolinium-enhancing lesions and relapses after treatment interruption, but no rebound activity was seen above the level in patients who received placebo.[@b86-ndt-13-1691] In addition, a large cohort of 1,866 natalizumab-treated patients from the AFFIRM,[@b20-ndt-13-1691] SENTINEL,[@b22-ndt-13-1691] and GLANCE[@b87-ndt-13-1691] trials were examined during treatment interruption when natalizumab was voluntarily removed from the market.[@b74-ndt-13-1691] During the at least 8 months of treatment interruption, disease activity never exceeded the levels observed in the placebo-treated subjects in the clinical trials.[@b74-ndt-13-1691] This discussion of the possibility of rebound MS activity has also led to the consideration of optimal timing for initiation of the new DMT, which thus far favors a shorter washout interval.[@b88-ndt-13-1691]

Conclusion
==========

Natalizumab remains an important part of the treatment arsenal for patients with RRMS. It has proven to be highly efficacious in the reduction of clinical relapses and prevention of new MRI activity. Though generally well-tolerated, natalizumab does carry a risk for the life-threatening condition PML. Risk mitigation awareness and development of a formal monitoring program have encouraged careful prescribing of natalizumab, though the risk of PML has not been fully eliminated. Future work continues into the development of new biomarkers that may better predict an individual's risk of PML and further improve upon natalizumab's safety.
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Review of natalizumab Phase III clinical trials

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Trial name                   Number of patients enrolled   Type of patient enrolled   Study design                                                                                                                                    Primary outcomes                                                                                                                                 Secondary clinical outcomes                                                                                                                                                        Secondary MRI outcomes                                                                                                                           Notable adverse events
  ---------------------------- ----------------------------- -------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------ -----------------------------------------
  AFFIRM[@b20-ndt-13-1691]     942                           RRMS                       Randomized placebo\                                                                                                                             1\. NTZ reduced ARR by 68% at 1 year compared to placebo (*P*\<0.001)\                                                                           1\. Proportion of relapse-free patients was significantly higher in NTZ group than placebo at 1 year (77% vs 56%, *P*\<0.001) and at 2 years (67% vs 41%, *P*\<0.001)              1\. NTZ reduced the mean number of new/enlarging T2 lesions by 83% compared to placebo over 2 years\                                             1\. Fatigue\
                                                                                        controlled NTZ 300 mg IV every 4 weeks versus placebo infusion every 4 weeks                                                                    2. NTZ reduced the risk of sustained disability worsening at 2 years by 42% compared to placebo (*P*\<0.001)                                                                                                                                                                                                                        2. NTZ reduced the mean number of Gd+ lesions by 92% compared to placebo at years 1 and 2                                                        2. Allergic reaction\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             3. Hypersensitivity reactions

  SENTINEL[@b22-ndt-13-1691]   1,171                         RRMS                       Randomized placebo controlled\                                                                                                                  1\. Combination therapy reduced the ARR by 54% at 1 year compared to IFN-β-1a 30 µg IM + placebo (maintained at 2 years) (*P*\<0.001)\           1\. Proportion of relapse-free patients was significantly higher in the combination therapy group compared with IFN-β-1a 30 µg IM + placebo at 2 years (54% vs 32%, *P*\<0.001)\   1\. NTZ + IFN-β-1a 30 µg IM reduced the mean number of new/enlarging T2 lesions by 83% compared with IFN-β-1a 30 µg IM + placebo over 2 years\   1\. Anxiety\
                                                                                        NTZ 300 mg IV every 4 weeks + IFN-β-1a 30 µg IM weekly (combination therapy) versus IFN-β-1a 30 µg IM weekly + placebo infusion every 4 weeks   2. Combination therapy reduced the risk of sustained disability worsening at 2 years by 24% compared to IFN-β-1a 30 µg IM + placebo (*P*=0.02)   2. Risk of relapse was 50% lower with combination therapy (HR 0.50; 95% CI 0.43--0.59; *P*\<0.001)                                                                                 2. NTZ + IFN-β-1a 30 µg IM reduced the mean number of Gd+ lesions by 89% at 2 years compared with IFN-β-1a 30 µg IM + placebo                    2. Pharyngitis\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             3. Sinus congestion\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             4. Peripheral edema\
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             5. PML (n=2 at the time of publication)

  ASCEND[@b24-ndt-13-1691]     887                           SPMS                       Randomized placebo controlled NTZ 300 mg IV every 4 weeks versus placebo infusion every 4 weeks                                                 1\. No significant difference in disability progression between the NTZ and placebo group (*P*=0.287)                                            1\. NTZ was associated with a 44% reduction of upper extremity disability (as measured on the 9HPT) compared to placebo (*P*=0.001)                                                1\. NTZ reduced the mean number of new/enlarging T2 lesions by 89% compared to placebo\                                                          Similar to known safety profile above
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            2. NTZ reduced Gd+ lesions by 95% compared to placebo                                                                                            
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** MRI, magnetic resonance imaging; RRMS, relapsing--remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; IV, intravenous; NTZ, natalizumab; IFN-β-1a, interferon β-1a; IM, intramuscular; ARR, annualized relapse rate; CI, confidence interval; 9HPT, 9-hole peg test; Gd+, gadolinium-enhancing; PML, progressive multifocal leukoencephalopathy; HR, hazard ratio.
